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(57) Abstract: A dielectric .s provided 
Sch possesses high dielectric consta^^ 
S high dielectric strength, while hav ng 
"ecapat'iWtiesofapoly.ner.-^^^^^^^^ 
comprises a nanometric ^^^'^J^^ 
includes a stoichiometric nano- i«rd«Jate 
filler embedded inapolymer or resmma^ 

RUer particles are reduced m Phys.«l 
Si to dimension to the same order a^a« 

Smer chain length of the host mat^ial 
Steract cooperatively thereby m.Ugatang 
fte tsociated Maxwell-Wagner pn^c^s 
and reductag interfacial polarization. he 
fields for the new formulation 
'^neariyafectorof lO lowerthen Jo 

conventional (micro) material. The large 
hargesinthe'intemal field of the comp^^ 

oemdt engineering of nanocomposite 
Sals wi* enhanced electric strength and 

improved voltage Midurance properties. 
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[0001] 



[0002] 



[0003] 



-^^r;::;^;^^^^^^-!-*" genexany to th. 
,,eld of Lcetrlc =on>po=ites and in P-"»^"."; 
ana use.ul dielectric st„ct„re c»pr.e.ng 

— rrrution is a ...asive te« 
„Mch is a huge co™.erclal business ranging fro. the 
. „/used in the ndcroeleotronlc. industry to 
thin films used in i„3ulated high- 

fh» larae amounts of material usea to 
the large segment of this market. 

rrtrrTs^riielectric .opertles of the 

^^^^^^^ 

srg^-nce and so 

that are indicated by this disclosure 
be commercially important. 

^ ,n=,T,v tvoes are commonly used as 
Polymers of many types ^ 

. ■, ^-.r. The use of conventional 
electrical insulation. me u 

elect ricax well known and is 

fillers for polymer materials is well 
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[00041 



[00051 



+->,o rnst of a material or 

thermal expansion, etc. dielectric 
,Ulers will a«act electrical P-P^^^; ; ^ 
strength an. lo.s In ^^^^^^..^^ 
it is thought that fundamental to 
llectrlc strength o. Insulating P-^^;;;:; 
cohesive ener^ ^ensi. an. t^a.^^^^^^^ 

poller -ru^- as^s^,,^^^^^ ^^^^^^ 
Nelson J.K., 'a j .^ts Sci. , Vol. 

strength of P"^^""^^ f/f :Brea.dc«n strength 

11, P1574, 1916 and "-'^^^^^ ^„i. «tM, 

« .„Uds" Engineering Dielectrics, 

„£ solids , Eng examining the changes in 

1933. This -ay be gauged y 

electric '"-^^ tat J through their glass 

most polymers as they are tas . 

"'"trrcrer::: — ai hunding .....s.. 

^ ,-^atlon of assembled nano-grained 
the design ^"^^^^^^^^^^^ ,_ii„t compositional 

'?"-:::rfa i" l-ibllity. Hoover, rather 

and interfaciai develop 

, . T„ fhe current pusn i-" 

s^risingly the ^^^^^^^^^ ,„,,,,d 

-rrrrrU^^es for d..^^^^^^ 

— trs,rxts:di:t:.^^^^^ 

S:462,.03, ^.344,371, and 6,4,8 2 8 

Nonetheless, - «a^- the^^ 
provide encourage,.ent that 3, ,,33„„, 

.ertile ground. ^^-^^TZI L dielectric 
for pursuing nanomaterials as a c 
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[00071 



-Nanometrlc "^'1'='""' 1,94 ,„ci Frechette M.F. 
Elect. ln=., vol.1. PP 812-^5. „„oDielectrics", 

et al., "T;, Diel. Phen., IBEE, 

ton. Rep. cent. On Elect. Ins. 

pp 92-99, 2001. disclosed 

::r: rtermnxectrical p.ope.tles. 
nanocoBposites fo ^^^^^^^ ^ „anoco»po3ite 

' oatrr, a nancstructurea filler or 
^'"°'""l JltelV led «lt. the ^trix. which is 

- — t;:: - " 2:: 

The patent further Q dielectrics. 
...positions such and 

a dielectric strength and voltage endurance are 
improved dxelectrr ^^^^^ ,^ 

r rea: - tn-Unear conductivity in host 
patents 6,554.609 and 6,607,321, which are 

divis:;:.:^ oi 

ntaterials and electrical de ^^^^^ 
s.„lchio„etric tua^^^^^^^^^^^ 

is taught, as "PP"-"* ^ „anostructured non- 

The patents teach '"'^ .^,^,1 .^„perties of 
stoichiometric can change the electrrcal P P 

V 0= .electrical conductivity, aicx 
a material such as electrica . ^ loss, and 

.»„stant, dialectic st^^^^^^^^^^^^ 
polarization, and are pre 

titania. 
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. 599 631 discloses the use of 
^00081 -3. patent 6 6 ^^^^^^^^^^ ^^^^^ 

polymer/inorganxc P^^^^^^^^^ . However, the 

electric and electro-optxcal /polymer 

.es. patent -^^^^^^^^^^ ..e composite are 

composites in wh.ch the e^ ^^^^^^^^ although such 

chemically bonded. particularly useful for 

composites are disclosed as P ^ ^^^^^^^^ .^electric 
the formation of devices wx ^^^^^^ 
ccnstant/inde..of-refrac.on^^^^^^^^^^^^^ .^^^^^^ ^^^^ 

is on -1^^^^°-°^''"" /related to insulation, 
dielectric propertxes a _^^_^^,^,^tion can be 

Appropriate selection of i electrical or 

important for ^ .^^o---- 
optical materials. dielectric 
approximately the square ^^^^ 

oon.tant -"/-^^irof- e-actio. corresponds to 
engineering of the ^^„3,,„,. Thus, 

the engineering of '"^ ^^^ „n,tant is related 

the index-of-refraction/dielectr^^^^^ ^^^^^^^ ^ 

to both the optical ^ ^^^,^,,,ion engineering 
particular material. Index . 
be especially advantageous in 
-..^frlcal interconnects, 
optical or .o^oslte material is 

100091 L l properties of the matrix, the 

often controlled by the proper ^^^^ 

^thefrirrrace Conventional fillers 
the nature of their 

are micron size and have ^^^^^.^^ 

.odies, - Jf-t^H^materlal via interfacial 
influence on the ^^^^^^^^ of 

properties Xn the si p ^ ^^^^ ^ 

a polymer to a finer u 
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[00101 



loom 



of »i™obUi.ed" poly-er. The size of thi. layer is 
critical to the global properties (electrical, 
mechanical and thermal) c£ the composite. However 
the in-filled material will give rise to space-charge 
accumulation and an associated Haxwell-Wagner 
polarization due to the implanted Interfaces. 

Furthermore, macroscopic theories of interfacxal 
polarization do not incorporate a molecular approach 
since the response is given by relaxation equations if 
the wavelength is large in comparison with molecular 
dimensions. In considering pre-breaMown high-field 
conduction in pure materials, the existence of 
localized states within the energy band gap (close to 
the conduction or valence bands) is usually invoked, 
giving rise to a mobility edge for electron (or hole) 
transport. These states are essentially °» 
individual molecules. This is because, unlike the 
strong covalenl bonds of elemental crystalline solids, 
mtermolecular binding arises from weak van der Waals 
forces that do not allow inter-molecular electronic 

exchange. . 

A molecular approach is needed for enhancing the 

J.- _ -intsnlatinq structures, 

dielectric properties of insulating 

Stoichiometric composites are needed in which filler 
particles behave cooperatively with the host matrix 
Lther than as foreign bodies. Furthermore, 
composites are needed where space-charge accumulation 
and internal fields are reduced and associated 
Maxwell-wagner polarization due to implanted 
interfaces is mitigated. 
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[0013] 



[0014] 



[0015] 



It is an object of the present invention to 
provide a nanometric composite in which internal 
Lelds are reduced by a factor up to 10 fro. 
conventional composites, and the associated Maxwell- 
Wagner interfacial polarization is mitigated. 

It is a further object of the present invention 
to provide a nanometric composite in which filler 
particles behave cooperatively with the matrix of the 
composite thereby mitigating the associated Maxwell- 
Wagner process and reducing interfacial polar.zat.on 

Accordingly, a nanometric composite is provided 
for dielectric structure applications, and comprises 
nano- particulate fillers embedded in a matrix of 
polymer or resin. The polymer is essentially any 

---^^^^^^ ^^^^"^"j;;rs'' Of novelty which 
The various features oj- 

characterize the invention are pointed out with 
particularity in the claims annexed to and forming a 
part of this disclosure. For a better understanding 
of the invention, its operating advantages and 
specific objects attained by its uses, reference is 
to the accompanying drawings and descriptive 
natter in which a preferred entoodiment of the 
invention is illustrated. 
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[0016] 



In the drawings: 
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[0018] 



[0019] 



[0020] 

[0021] 

[0022] 
[0023] 



[0024] 



[0025] 



Fig. 3 



Fig. 1 are two graphs plotting permittivity 
and loss tangent as a function of 
temperature and frequency for the 
micro- particulate filled composites; 
Fig. 2 are two graphs plotting permittivity 
and loss tangent as a function of 
temperature and frequency for the 
nano- particulate filled composites; 
is a graph showing the initial 
distribution of an electric field 
based on an electroacoustic study of 
nano-filled composites; 
is a graph based on the pulsed 
electroacoustic study of the composite 
with the micron-sized filler; 
is a graph based on the pulsed 
electroacoustic study of the composite 
with the nano-sized filler; 
is a graph showing charge migration in 
a 10% microfilled TiO^ sample; 
is a graph showing elect roluminescene 
characteristics in TiO^ composites for 
base resin, 10% micro filler resin 
and, 10% nano filler resin; 
Fig. 8 is a graph showing electroluminescence 
onset field as a function of TiO, 
loading for the 38 nm sample and the 
1.5 sample composites; 
Fig. 9a is a graph showing dynamics of 
electroluminescence in response to 
step changes in electric field for the 
38nm TiO, sample; 



Fig. 4 

Fig. 5 

Fig. 6 
Fig. 7 
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[0027] 



[0028] 



[0029] 



[0030] 



Fig. 9b is 



Fig. 10 



Fig. 11 



Fig. 12 
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is a graph showing dynamics of 
electroluminescence in response to 
step changes in electric field for the 
1 5 pm TiOz sample; 

is a graph showing thermally 
stimulated current spectra for the 10% 
38 nm TiO, sample, and the 10% l.Sum 

TiOj sample; 

is a graph showing electric strength 
of Epoxy/TiO. composites for the 38 nm 
filler sample and the 1.5 pm fxller 

sample; and 

is a graph of composite breakdown 
statistics plotted as a Weibull 
distribution for the micro filler 
sample, nano filler sample and base 
resin sample • 

^ composite dielectric of the present invention 

!-.h dielectric strength, while havxng the 
possesses high dielectric ^ 

h^lities of a polymer. The composite also may 
ah dielectric constant if fillers are chosen 
have high ^-^^^^^""^ ,,,3tant. The composite 

which have a high dielectric fi^er 
includes stoichiometric nano- particula 

. . . «,a^-rix of polymer or resin. Tne riiJ-« 
eKfcedded in a --"^ ^J ^ ,3„, order as 

particles have a physical s ^^^^^^ 
- polymer Chain len,t. ^ 

:::: 1 "ari^tion. The internal .ields .or the 
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[0032] 



[0033] 



[0034] 



^^^^xr a factor of 10 lower then 
new formulation are nearly a tactor o 

for conventional (micro) material. 

The large changes in the internal field of the 
con^osite permit engineering of -nocompos.te 
materials with enhanced electric strength and improved 
voltage endurance properties. The composxtxon and 
physical configuration of the dielectric can be 
designed to specific application requirements such as 
.igh voltage insulation or electrical field grading 

in a preferred embodiment of the present 
invention, the composite includes 10% 
in the form of Titanium Dioxide (T.O,) fxller 
particulates with nano dimensions embedded m a 
Bisphenol-A epoxy (Vantico CY1300 . HY956) polymer 
Bisphenol-A epoxy is a preferred polymer because xt .s 
benign (i.e. without other fillers or ^i^-^-^^^'^; 
has a low initial viscosity, and has a glass 
transition below 100 "C. 

However, the invention is not limited to t.tan.u>n 
dioxide as filler and can include a broad range of 
inorganic oxides, metal oxides, titanates, s.licas, 
particles coated «ith coupling agents such as srlanes 
end triblock copolyn«rs, and even nano-sized polymers 
Silica-based fillers in particular are suitable due to 
their low loss characteristics. The availabilrty of 
nanopartlcles of a vide range of inorganic ox.de, 
offers the possibility of creating a range of new 
^terials with tailored properties and benefits (e.g. 
variation in relative permittivity and linearity) . 

Still, the invention is not limited to the broad 
range of filler groups which have been disclosed 
since they are only mentioned as examples in order to 
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one ^o ---:-r':r:;narr:::; 

a variety o Muminum oxide may 

tne aPPl-t- ,„..pen=ive or zinc oxide 

be preferred because ^ 

be used because of its non-lxnear -^ure^ 
■ If a dielectric with high dielectric constant is 
aesired, „a„occ,osites wit. fiUers having 
dielectric constant be used such ^^J^^ 

Dioxide conventional filler materials include the 
oxiderof aluminum, .inc and titanium. Aluminum 
o de nas a linear current versus -Ita.e relationship 
and is widely in use. Conversely, zinc oxide is 
„ 1 inear Titanium dioxide however, is an 
: : 1 :-l due to its inherently hi,h 

dielectric constant of 90-100 versus aluminum oxide 
L oxide both of Which are in the 6 to . ran,e^ 
The invention is also not limited to Bisphenol-. 
matrix polymer. The matrix P°^^;' ^^^^t^,;^ 
thermoplastic or a thermoset P^^^ J ^ ^ 
polymers include other variants of epoxy, P y 
Lras low density polyethylene (IDPE, , cross-lin.ed 
'ethylene, and polypropylene. -^^P— " 
particular is economically inexpensive and typically 
Led in the capacitor industry. '^^^^"""^"/^ *° 
matrix polymer may include ethylene propylene rubber 
::rctionairzed polymers such as P°^vetherimide jnd 
lentially any other commercially available poller 
provided that the filler is available in nano 
particulate size. 
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[0038] 



[00391 
[0040] 



[0041] 



« appUea to^the fcr»tio„ of aielect.i= 
T , Example 1 below wlU illustrate that 10% 

structures. Example ^,„„ , filler for the 

be the optimum loading % ot 

appear, to be t P ^ave been made 

configurations ,,,,,„ical properties 

„p.o40»,but atthat l e ^^^^ ^^^^^^^ 

are degraded to the P j.j the 

little use in such Wl-^<^--- 

nanophase particles are po ymeri such as^^^^^_^^ ^ 

"-'"'^t":urttr - oxides, the loadmg * 
filler may be suitability 
ranges between about I ana 

,."Ct Significant interfacial polarization 
studies that sxgn ^3 xnitigated m 

associated with conventional flUe , 

of ^articulates of nanometric size. 
rudiri::r Oi«erential Scaling Calor-.^^ 

=^-'-'-^='^:,7,Lraprra-, Klectrolumlnesoence, 
Electro-Acoustic (PER) app .,„trioal strength 

Thermally Stimulated Currents, and Electri 

Measurements • 

'^^''Ms were provided for micro- particulates 
composites were P ^ ^^^^^^^ ^^^^^^ 

and nano- particulates oi 

a .asm matrix of Bisphenol-R apoxy 

composites is shown below in Table^ 

i«o o-p the composites wej-c 
Test samples of tne f 

r^oHshed surfaces, held apart «y 
nodding between ^.^e effects of 

spacers, as described in ^^^^^^^ ^^.^„ ^ ,,esis, 

.,,h electric ^^^^^ ^J"^^^' Z .^^^^ 
university of Leicester, 2000. 
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relevant .rled P"*-"^"^;;^^'^^. thai, small 

size, surface interaction ^^^^^ 

~^rn:;rt"^ - -pera^on m 
. "iTficl. even in pclv^ers that 

resins is quite a Hence, in the case 

— "-""lara-r neeae. in 

the mixing process ^^^j characterization, 

re^r.::::::-----""- 

aluBinu. electrodes . psc) 
*s • jr4r«*.^«tial Scanning caxoi:i*tt« a 
100421 Di«.r«>taU B ^3,„,i„eter was used to 

* Stanton Eeacrcft DSC the 

thermally c---"" triX temperatures are 
determination of glass " ^^^^^^ 

provided in Table 1 below ^ .^^ 

Which it is evident that ^^^^ the 

i„ contrast to the larger P-";^" 

•4-^ .effect. This suggests that pa 

rrri:"dimensions beha. in a ^^^^^^^^ 
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Table 1; 




Photoluminescence 
Laminar molded specimens using both micro- and nanc- 
particulates were subjected to photoluminescence 
measurements as depicted in Table 2 >=-^»- J" 

=i«.r,rT+-h., from 280 to 360 nm. The shxft 
excitation wavelengths irom ^ou 

in the peak wavelength in the presence of the 
nanoparticles (6- column in Table 2) implies that the 
emitting species have had their environment altered, 
on the assumption that the emission is excmerxc xn 
origin, this suggests that the nanoparticles may cause 
Mnor conformational changes sufficient to bind the 
excimer units more tightly. The magnitude of the peak 
emission in the nano-con^osite case is also behav.ng 
in an entirely different way (decreasing w.th 
increasing excitation wavelength) when compared wxth 
the response of the conventional micron-sized fxller. 
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Table 2; 




Dielectric Spectroscopy 

see insight into the way that the ^ 
materials on nanometric dimensions affect the 
dielectric properties may be obtained by examinxng the 
variation of the real and imaginary components of 
relative permittivity as a function of temperature and 
frequency, wherein the temperatures from bottom to top 
are 293K, 318K, 343K, 368K, and 393K. This has been 
done for the TiO. material using a Solartron H.F. 
frequency response analyzer (Type 1255) in combination 
with a Solatron Dielectric Interface, Type 1296. 

Examples for the micro- and nano-f illed materials 
are shown in Figs. 1 and 2 respectively. At a nominal 
10% (weight percent) particulate loading, the spectra 
of the resin when filled with particles of micron s.ze 
(1.5 V-) are virtually indistinguishable from the base 
resin. This suggests that the low frequency process xs 
probably associated with charges at the electrodes and 
not due to particulates in the- bulk. 

With the filler replaced with 10% of nanometrxc 
size TiO, (38 nm average diameter measured by TEM) , 
the main differences seen relate to a marked 
:nodification of the process seen in the base resxn at 
low frequencies and high temperatures. For the 
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nanometrlc n^terial the process exhibit, a ^^^^ 'a^ » 
response at low frequencies in «.rXed contrast to the 
^cron-sized filler. This suggests that a percolation 
conduction process is operative. In the presence of 
the nano-fiUer, the mid frequency dispersion is 

noticeably reduced. 

The nano materials are clearly inhibiting motion 
(see PEA results below) . The mid-frequency process 
shows a small change in estimated activation energy 
from 1.7 ev to 1.4 eV. The magnitude of this process 
is reduced in the case of nanoparticles since the sxde 
chains responsible for the mid-frequency dispersion 
bind to the particle surface. 

Reduction of the particulate loading from 10 to 
1% (by weight) did not have any very obvious 
fundamental changes, but the nano-f illed material then 
does start to exhibit a low frequency response more 
typical of the base resin and micro-filled material, 
suggesting that changes engineered by the 
nanomaterials do require loadings greater than a few 

percent . 

Space charge assessment 

in order to determine whether nanomaterials function 
cooperatively as' opposed to providing sites for 
interfacial polarization, a Pulse ElectroAcoust.c 
(PEA) study has also been conducted to assess the 

• hniv The method has been 

field distortions in the bulK. ine me 

described in Alison J., "A High Field Pulsed Electro- 
Acoustic Apparatus for Space Charge and External 
Circuit current Measurement within Solid Dielectrxcs , 
Meas. Sci Technol., Vol. 9, PP 1737-50, 1998. 
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J0051] Fig. 3, 4, and 5 show the results of the 

electroacoustic study. The figures are labeled with 
Voltage, V (kV) , charge, p (C.m-^), and electric 
field, E (kV.mm-^) . The double headed arrow indicates 
the 726 micron thickness of the sample. 

[0052] The laminar samples were subjected to direct 

voltages. According to Fig. 3, the initial 
distribution of stress shows little deviation from the 
nominal 4.3 kVmm'^ uniform level across the bulk. 
However, characteristic results are shown in Figs. 4 
and 5 for the micro- and nano-materials (10% loading) 
respectively after several hours of stressing. These 
plots show the charge, potential and field 
distributions, for a 3 kV steady DC field applied. 
The l.Sum filler generates substantial internal 
charge, in marked contrast to the nano-material which 
behaves in a similar way to the base resin. 

[0053] Fig. 4 shows several distinctive features 

including (a) heterocharge accumulation of both signs 
leading to steep internal charge gradients; (b) a 
cathode field augmented to over 40 -kVmm-^ (lOx the 
nominal value); and (c) field reversal yielding a 
point of zero stress which will greatly complicate 
charge transport. 
[0054] Transient PEA studies permit the establishment 

and decay of charge profiles to be viewed in time. 
Measurements, such as that depicted in Fig. 6 for a 
step voltage application of 3 kV on a 10% micro-filled 
specimen, indicate that increases in the size of the 
charge peaks occurs over a 4 hour period with little 
macroscopic change to the complex internal 
distribution. The stable stationary positioning of 
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these peaks may be due to the interaction of space 
charge with local polarization to create a self- 
compensating situation. 

However, there are very substantial differences 
in the time constants associated with the migration 
and decay of charge for the micro-and nano-composites 
as is illustrated below in Table 3 in comparison with 
optical electroluminescence emission. In contrast to 
the micro-filled material, the decay of charge in the 
nano-filled TiO. is very rapid with insignificant 
homocharge remaining after just 2 minutes. Although 
there is some injection of negative charge at the 
cathode, the nano-filled material is characterized by 
much less transport perhaps brought about by the 
larger density of shallower traps. 



n:^bJ-? 3; 





38 nm TiOj 


1.5 TiOj 


Charge Decay (s) 


22 


1800 


Light Decay (s) 


<60 


1200 



10056] Electroluminescence 

The light emission from a ~4 pm point molded into the 
resin samples is depicted in Fig. 7 for a 10% loading. 
The curves 100, 110, and 120 rexspectively represent 
the base resin sample, the 10% micro filler resin 
sample, and the 10% nano filler resin sample. The 
pre-discharge electroluminescence is measured with a 
13-dynode EMI 9789B photomultiplier tube having a 
bialkali spectral response connected in scintillation 
counting mode (i.e. the light is determined by 
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counting pulses during a fixed interval, usually 60 
s) . Two hours was allowed for the photocathode to 
stabilize before measurements were attempted. The 
field, Er in Fig. 7 is that calculated at the 
individual tip based on J.H. Mason, "Breakdown of 
solids in divergent fields" Proc. lEE Vol. 102C, 1955, 
pp 254-63: 

where r is the tip radius and d the inter-electrode 
gap. 

[0057] While the level of activity for the nanomaterial 

is generally somewhat less, the salient feature is the 
light onset level. The nanomaterial requires 400kVmm-' 
to register output above the background count whereas 
both the base resin and the micromaterial start 
emitting at stresses which are only half that value - 
about 180 kVmm-'. This compares with the 178 kV mm"' 
found by V. Griseri et al. "Electroluminescence 
excitation mechanisms in an epoxy resin under 
divergent and uniform field" Trans IEEE, Vol. DEI-9, 
2002, pp 150-60, using uniform fields in a similar 
resin system. However, this comparison may be 
fortuitous since the previous study speculated that 
the emission is the result of a bipolar charge 
recombination mechanism. In this divergent field case, 
it is more likely that the light results from the 
downward transition of excited species formed by 
electron injection in the high tip field. When the 
electroluminescence output is examined as a function 
of loading (Fig. 8), it is clear that enhancement in 
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[0058] 



[0059] 



the onset is again a maximum at about 10% as is 
indicated below in the section entitled Electric 
Strength. In Fig. 8, electroluminescence onset field 
is plotted as a function of sample loading for the 38 
nm sample and 1.5pm sample plotted respectively as 

curves 150 and 160. 

Electroliffliinescence measurements have also been 
made as a function of time to observe the way in which 
the materials react to a step change in stress of 
eoOkVmm-'. Figs. 9a and 9b depict the dynamics of 
light emission for 10% nano- and micro-filled 
materials respectively. The time response of the base 
resin is of the same form as shown in Fig. 9a for the 
nanocomposite. Comparison of these under both switch- 
on and switch-off transients indicate that the two 
materials respond very differently as will be 
discussed at greater length later. However, it is also 
important to recognize that light is emitted for a 
period after the applied field is removed, strongly 
suggesting that it is the Poisson and not the 
Laplacian field that is intimately involved with 
electroluminescence . 

Thermally Stimulated Currents 
Laminar samples of both micro-, and nano-f illed resin 
were subjected to thermally stimulated discharge 
having been poled at 115»C at a stress of 55 kVcm"'. 
The temperature ramp rate was 0.05 "Cs"'. Typical 
plots for the two different types of material are 
shown in Fig. 10, where curve 180 represents 10% 38 nm 
TiO, and curve 190 represents 10% 1.5um TiOj fillers. 
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[0060] The glass transition tempe.rature, Tg for the base 

resin is 89°C, and Differential Scanning Calorimetery 
measurements have already demonstrated that Tg can be 
expected to change slightly with the TiOj filler size 
for this resin. Accordingly^ the TSC peaks at about 
90^C may be associated the main chain relaxation (the 
a-peak) . Similarly, the peak at about 70''C can be 
associated with the (3-relaxation. However, the 
characteristics above 100 ®C are very different indeed 
for the two filler sizes. This region, designated as 
the p peak shown in Fig. 10, is due to the release of 
space charge in epoxy resins as identified by A 
Kawamoto et al., ''Effects of interface on electrical 
conduction in epoxy resin composites", Proc. 3"* Int. 
conf. on Prop. & App. of Diel. Mats., IEEE, 1991, pp 
619-22. 

[0061] Electrical Strength Measur^ents 

Short-term electric strength measurements have been 
measured under DC conditions with a ramp rate of 500 
Vs'^ Fig. 11 depicts the mean breakdown gradient (for 
a population of 10 samples) for the base resin, as 
well as the micro- and nano-composites as a function 
of filler loading (% by weight) . Curve 200 represents 
the 38 nm sample and curve 210 represents the 1.5 pm 
sample. The advantage in electric strength 
attributable to the nano-sized filler is clear^ and an 
optimum loading of about 10% is indicated. Although, 
for high loadings (close to the percolation limit), 
the advantages are eroded, and the degradation in 
mechanical properties makes such very high loadings 
unattractive. 
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[0062] In summary, very marked differences in charge 

accumulation are seen in filled materials depending on 
whether the filler has micron or nanometric 
dimensions . 

[0063] Not only does the incorporation of nanoparticles 

yield a dielectric strength close to that of the base 
polymer, but Fig. 11 also demonstrates that the P 
parameter (dispersion) is unchanged by the addition, 
in contrast to the microfilled material where a 
significant change of slope in the Weibull plot in 
Fig. 12 is indicated. Fig. 12 shows a graph of 
composite breakdown statistics plotted as a Weibull 
distribution where line 300 represents micro filler 
resin, line 310 represents nano filler resin, and line 
* 320 represents base resin. While the presumed 
reduction of free volume on the substitution of 
nanoparticles may be instrumental in improving the 
electric strength as disclosed by Kawamoto et al. 
above, the results presented here also strongly 
suggest that the improvements in electric strength may 
be linked to the control of the internal charge within 
the bulk. 

[0064] The electroluminescence onset studies reported 

here suggest that the large surface area inherent 
nanoparticles has created a mechanism for electron 
scattering which will skew the energy distribution 
with beneficial results; i.e. a higher voltage is 
required for light onset. However, in seeking reasons 
for the marked differences ^seen in many aspects of 
behavior when nanoparticulates are incorporated, Figs. 
9a and 9b would seem to be pivotal. The escalation of 
light in micro-filled resin over a period of about an 
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hour following energization suggests that the tip 
field is augmented by the establishment of 
heterocharge (positive) in front of the point cathode. 
Indeed, the emission of light following the removal of 
the applied stress dictates that the tip field is 
sustained by charge in the bulk. 
[0065] Careful examination of the PEA results indicates 

that such a region of charge is, indeed, formed when 
the infilled material is of large (vim) dimension. In 
contrast, the nanomaterial exhibits the maximum 
electroluminescence on switch-on, indicating that any 
charge which accumulated acts to shield the point 
electrode and reduce the high-field light emission. 
This effect will also be incorporated in Fig. 7 since 
there was sufficient time allowed for charge 
modification to take place. Although not shown in Fig. 
7, cases were documented where the onset of light 
occurred measurably earlier for the micro-filled 
material than for the base resin. 
[0066] The PEA method also allows the decay of charge to 

be estimated following the removal of the applied 
field. Table 3 above provides estimates of the decay 
time constants obtained from the decay of the 
electrode image charges in a PEA experiment for TiOj 
nano- and micro-filled epoxy in comjparison with 
electroluminescence decay. While the absolute numbers 
are not comparable because of the differing 
geometries, nevertheless, the very substantial 
differences brought about by the filler size are 
demonstrated by both techniques and, again, points to 
the effects of internal fields. 
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Charges trapped at the interfaces formed by the 
microparticles will be neutralized by charges of 
opposite sign conveyed to the interfaces by ohmic 
conduction giving rise to a TSC transient. This means 
that the nature of the TSC peak (and even its 
polarity) will depend on both the relative 
permittivity and the conductivity of the constituent 
materials. Following the work of J. van Turnhout in 
"Electrets", Chapter 3, Springer-Verlag, 1980, (Topics 
in Applied Physics, Vol. 33 ed. G.M. Seessler) , the 
TSC transient due to the annihilation of charge, a, 
is given by: 



dt [5/s,+g(r)/«i(r)]a+^«i/«i*) 



(2) 



where the ratios of the permittivities e/e, and the 
conductivities g/g, will determine the polarity of 
the discharge current during the TSC thermal ramp. 

Consequently, for microfilled TiO^, a negative 
Maxwell-Wagner peak is sometimes experienced, 
particulary at low poling temperatures. However, the 
poling temperature used in Fig. 10 (115»C) is 
above Tg and thus the p-peak should be fully 
developed as disclosed by J. van Turnhout, and the 
position of the peak is independent of the poling 
conditions as has been found in this study. The 
significant finding here is that the nano-composite 
does not exhibit the marked p-peak characteristic of 
Maxwell-Wagner interfacial effects in the conventional 
material . 
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PEA results taken in conjunotion with the 
Oielectac spectroscopy and DSC studies 'hat 
significant interfacial polarization .s «plied for 

oLntional fillers which is ^.ti.ated in the case 
particulates of nano.etric size, where a short-ran 
Iljhly 1-obili.ed layer develops near the surface of 
th! nanofiller ,1-2 n.) . This hound ^^^'^^^ 

influences a ™uch larger region =—2^3^' 
particle in which contomational behavxor and chain 
Tinetics are significantly altered. This interactron 
on: is responsihle for the ^terial proper 

modifications especially as the curvature of the 

particles approaches the chain conformation length of 

the polymer. _ 

Evidence suggests that the 
conformation and configuration play major roles rn 
determining the interactions of a polymer wrth 
rnomier:, as is evidenced here hy the OSC resu ts 
of Tahle 1. The polymer binding to the nanopart.cles 
replaces some of the cross-lln.ing and thus oosen 
the structure. In contrast, the micron scale case 
produces significant Maxwell-«agner polarxzatron 
giving rise to the characteristics of Fxg. 4. 

in the case of nanofillers, there xs evrdence 
that a grafted layer is formed by the absorption of 
endfunctionalised polymers onto the =-^-7=^"^!^;^ 
when the functional groups are. distributed unifomly 
along the polymer backbone. Hence the local chaxn 
conformation Is critical to determining the way in 
„ni=h bonding takes place (and thus the cohes.ve 
energy density, . The defective nature ! 
particles can be expected to enhance the bonding if 
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Chemical coupling agents (CVD coatings on 
nanoparticles or triblock copolymers) are employed. 

The present invention has a variety of 
applications. For example, in terms of volume, one of 
the most significant applications of the present 
invention is in the field of power generators and 
.otor insulation. Epoxy mica, which is discharge 
resistant, currently has an' insulative life of 
approximately 10 years and is ideal for the fxeld of 
power generators and motor insulation. Pacemakers are 
another suitable application of the present inventxon 
because the present invention allows insulator 
suppliers/manufacturers to increase voltage and reduce 
size of insulative materials since less material is 
required. 

Finally, it is anticipated that the use of 
smaller molecules as synthetic additives, chemical 
coupling agents, triblock copolymers, etc. may permit 
an element of self assentoly of these structures, and 
create a class of "smart" materials based on 
nanocomposites to provide auto stress relief and other 
forms of self compensation. It may be possible to 
self-assemble nanodielectrics by providing chemical 
structures with "hooks" which provide preferential 
attachment points for the nanostructured materials 
allowing automatic and predictable self assembly. 

While a specific embodiment of the invention has 
been shown and described in detail to illustrate the 
application of the principles of the invention, it 
will be understood that the invention may be embodied 
otherwise without departing from such principles. 
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^THAT IS riAIMED IS: 

1. A nanometric composite for use in dielectric 
structures to reduce interfacial polarization, comprising: 

a matrix of polymer; and 
nano- particulate fillers; 
wherein internal charge is modified. 

2. A nanometric composite according to claim 1, 
wherein the polymer is selected from the group consisting of 
epoxy, polyolefin, ethylene propylene rubber and 
polyetherimide . 

3. A nanometric composite according to claim 1, 
wherein the filler is selected from the group consisting of 
inorganic oxides, metal oxides, titanates, silicas, 
particles coated with coupling agents, and nano-sized 
polymers . 

4. A nanometric composite according to claim 1, 
wherein particulate size is comparable to polymer chain 
length so that the particulate and the matrix polymer 
interact cooperatively. 

5. A nanometric composite according to claim 1, 
wherein the composite has a filler loading of 10%. 

6. A nanometric composite for use in dielectric 
structures to reduce interfacial polarization, comprising: 

a matrix of thermoset polymer; and 
nano- particulate fillers; 
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wherein particulate size is comparable to polymer chain 
length so that the particulate and the matrix polymer 
interact cooperatively so that internal charge is modified. 

7. A nanometric composite according to claim 6, 
wherein the polymer is selected from the group consisting of 
epoxy, polyolefin, ethylene propylene rubber and 
polyetherimide . 

8. A nanometric composite according to claim 6, 
wherein the filler is selected from the group consisting of 
inorganic oxides, metal oxides, titanates, silicas, 
particles coated with coupling agents, and nano-sized 
polymers . 

9. A nanometric composite according to claim 6, 
wherein the composite has a filler loading of 10%. 

10. A dielectric structure comprising a nanometric 
composite comprising: 

a matrix of polymer; and 

nano- particulate fillers; 

wherein internal charge is modified. 

11. A dielectric structure according to claim 10, 
wherein the polymer is selected from the group consisting of 
epoxy, polyolefin, ethylene propylene rubber and 
polyetherimide . 
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12 A dielectric structure according to claim 10, 
wherein'the filler is selected from the group consisting of 
inorganic oxides, metal oxides, titanates, silicas, 
particles coated with coupling agents, and nano-sized 
polymers - 

13 A dielectric structure according to claim 10, 
wherein particulate size is comparable to polymer chain 
length so that the particulate and the matrix polymer 
interact cooperatively. 

14 A dielectric structure according to claim 10, 
wherein the composite has a filler loading of about 2% to 
about 20%. 

15 A dielectric structure according to claim 10, 
wherein the composite has a filler loading of about 10%. 

16. A dielectric structure according to claim 12, 
wherein the composite comprising a nano-size polymer has a 
filler loading ranging from about 2% to about 40%. 
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Q interfacial polarization. The internal fields for the new formulation aie nearly a factor of 10 lower then for conventional (micro) 
material. The large changes in the internal field of the composite permit engineering of nanocomposite materials with enhanced 
1^ electric strength and improved voltage endurance properties. 
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(48) Date of publication of this corrected version: For two-letter codes and other abbreviations, refer to the "Guid-^ 

5 August 2004 once Notes on Codes and Abbreviations" appearing at the begin- ^ 



(15) Information about Correction: 

see PCX Gazette No. 32/2004 of 5 August 2004, Section H 
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